Abstract-This paper presents a low-cost, wideband ultrasonic transmitter for in-air ultrasonic applications based on a conventional narrowband piezoceramic transducer with an L-R circuit modification. An analytic method for calculation of the optimum circuit parameters for bandwidth expansion of the ceramic ultrasonic transmitter is described, together with experimental data proving the viability of the method. A low-cost wideband ultrasonic receiver array is also presented. The results of the first characterization of microelectromechanical systems (MEMS) microphones in the ultrasonic band and their use in a sensor array for ultrasonic array signal processing applications is also presented. The paper presents examples of prototype transducer performance in ultrasonic indoor applications.
I. INTRODUCTION
U LTRASONIC technology has been increasing in importance in recent years. It has been shown to be effective for indoor location [1] - [4] , nondestructive studies [5] - [7] , and medical applications [8] , [9] . The demand for improved performance in these applications has created new requirements that are difficult to fulfill using common narrowband ultrasonic transducers. Most ultrasonic transducers have a very narrowband response, which makes them unsuited to broadband applications. In recent years, broadband ultrasonic transducers have been developed using PVDF transducers [10] , [11] . However, these need a high voltage supply and do not provide good range, which makes them unsuitable for mobile and low power applications. Other researchers have proposed the use of EMFI transducers, which are not commercially available [12] , [13] .
This work presents a low-cost, low-power, wideband ultrasonic transmitter and receiver pair suitable for mobile applications. The designs use commercially available components, reducing production costs. The transmitter and receiver do not need a high polarization voltage ( 15 V for the transmitter, 5 V for the receiver) so they can be used in mobile devices and other low-power applications. Previously, bandwidth enhancement in piezoceramic applications has been done by modifying the transducer fabrication process, for example by adding new ceramic layers to the transducer or modifying the existing ones [6] , [14] , [15] . In this work, an electronic circuit for ceramic transducer bandwidth modification is described. The circuit allows for bandwidth increase by adding a resistor and an inductance in parallel with the transducer. An analytic method is described for optimal design of the circuit. A low-cost, MEMSbased ultrasonic sensor array is also described. To the authors' knowledge, it is the first MEMS microphone array proposed for ultrasonic array applications. The small size of the MEMS sensors makes them a very good solution for ultrasonic arrays where the distance between sensors usually must be less than 6-7 mm. This paper is structured as follows. Section II presents a review of ultrasonic technologies, focusing on their advantages and limitations for wideband, low-cost and low-power applications. Section III explains in detail the piezoelectric technology that was used for this paper. Section IV presents the bandwidth modification procedure used to increase the transducer bandwidth. Section V explains the benefits of MEMS technology for small and compact applications as well as the special requirements of ultrasonic arrays. Section VI presents the method used for transducer characterization, and Section VII presents the results of the prototype characterization study and bandwidth modification experiments and also examples of signal exchange. Section VIII concludes the work.
II. ULTRASONIC TRANSDUCER'S TECHNOLOGY
This section presents a brief overview of the technologies commonly used in ultrasonic applications, such as piezoceramics and composite materials, PVDF, EMFi, and CMUTs. It is not within the scope of this section to give the reader deep background theory on the physics of each technology. However, this section does provide an overview of the applications for which they are used, as well as their advantages and limitations, focusing on their application in wideband, low-cost and low-power systems.
A. Piezoelectric Transducers
Piezoelectric ultrasonic transducers are typically zirconate titanate polymer or composite materials [6] . Typical characteristics of piezoceramic transducers are their high electrical-to-mechanical efficiency, narrow bandwidth, high impedance, and range of possibilities for characteristic modification in production. They are very cost effective for large-scale production. Due to their narrow bandwidth (usually 1-3 kHz), they are not suitable for broadband applications. Also, their high impedance, 1530-437X/$26.00 © 2010 IEEE much greater than air impedance, reduces the maximum sound pressure level (SPL) achievable, which decreases the maximum signaling range for a given signal-to-noise ratio (SNR). Other advantages are their easy electronic polarization and small voltage supply.
They have been widely used in indoor location applications, such as the Cricket [2] and BATs [3] systems. These systems use sinusoidal pulses, which give poor performance in reverberant scenarios.
Previous work on bandwidth modification for piezoelectric transducers has focused on finding new piezoelectric materials that provide better properties, such as broader bandwidth response and matched acoustic impedance, as in the work presented in [14] , [16] , and [17] . Other work, presented in [5] and [15] , presents piezoelectric transducers with a double resonance peak for harmonic imaging, which increases bandwidth and the resolution of imaging applications.
B. PVDF Transducers
Polyvinylidene fluoride (PVDF) was patented by Ford and Hanford and assigned to Pennwalt Corporation, Philadelphia, PA, in 1948 [18] . There has been a great deal of development work on ultrasonic devices that take advantage of the inherent properties of piezoelectric polymers, that is their relatively good acoustic impedance match to water and tissue, their flexible form and availability in large sheets, their broadband acoustic performance, and their ability to be dissolved and coated onto various substrates.
A number of papers have developed theory for building transducers based on PVDF materials [10] , [19] , [20] . In addition, several papers have been presented studying the acoustic and electric characteristics of PVDF transducers [11] , [21] .
Because of the difficulty in creating an efficient PVDF transducer, there are few applications that make use of PVDF materials. Recently, the commercial availability of PVDF cylindrical transducers, such as the US40KT-01 transducer from MSI [22] , has increased the number of applications that exploit this material. For example, the authors of [23] use the MSI transducer to improve object position and contour estimation in outdoor environments. Also, the authors of [4] use the transducer to improve the coverage of an indoor location system. However, the mechanical setup necessary to use a PVDF transducer due to the PVDF films' length variation, make it difficult to use in custom acoustic applications. Also, the high polarization voltage that they need means that they are not the best option for low-power applications. The maximum range that transducers based on PVDF can achieve is comparable to the range provided by piezoelectric transducers, having a mean SPL of 110 dB [22] .
C. EMFi Transducers
This low-cost thin film is a microporous polypropylene foam with high resistivity and permanent charge due to being polarized by the corona method. The resultant inner air voids act as dipoles which make it particularly sensitive to forces normal to its surface. When glued to a rigid substrate and excited by an external voltage, EMFi can be used as an actuator, operating in thickness mode without the influence of the substrate geometry [24] , [25] . EMFi has been used to build acoustic transducers, such as physiological sensors [26] , keyboards [9] , force position sensors [27] , etc. The usable frequency range of EMFi film for air applications begins at audible frequencies and extends up to its measured resonance frequency (300 kHz).
Besides its good characteristics, the necessary voltage supply, around 110 Vpp [24] , makes EMFi materials only suitable for fixed devices, for which power consumption is not a major issue. However, even for these applications, power can be an issue if a high density of transducers is needed. These high voltages cannot be achieved by mobile devices, which usually require low-power consumption for long battery life.
There are no commercially available EMFi-based transducers. EMFi films are available, so using an EMFi transducer requires transducer prototyping using a film [28] , [29] .
D. CMUTs Transducers
Recently, microelectromechanical systems (MEMS), or more specifically, capacitive MEMS ultrasonic transducers (CMUTs), have emerged as an alternative technology offering advantages such as wide bandwidth, ease of fabricating large arrays, and potential for integration with electronics. Sensors, actuators, and signal processing components can be integrated into miniaturized smart systems, capable of performing tasks that previously needed the use of a whole range of processes and complex equipment [30] , [31] . MEMS technology has demonstrated its economic strength in batch fabrication of large volumes of more or less identical devices [32] .
CMUTs are fabricated using standard silicon integrated circuit (IC) fabrication technology [33] . This technology makes it possible to create large arrays using simple photolithography. Two-dimensional CMUT arrays with as many as 128 x 128 elements have already been successfully fabricated and characterized [34] . Individual electrical connections to transducer elements are provided by through-wafer interconnects.
Another enabling feature, inherent to CMUT technology, is its wide bandwidth. A wideband transducer does not simply increase resolution, it also enables the design of new applications and tools. CMUTs are promising for high-frequency applications, such as intravascular ultrasound imaging, in which highfrequency operations using miniature probes are vital. CMUTs operating at frequencies as high as 60 MHz have been fabricated and tested successfully.
MEMS ultrasonic transducers are commercially available, e.g., SPM0204 from KnowlesAcoustics [35] . They provide good sensitivity as well as a nearly flat response between 10 and 70 kHz. Their size, 4.72 3.76 1.15 mm, makes them useful for compact ultrasonic applications.
E. Summary
In this work, piezoelectric transducers were used as transmitters and MEMS sensors as receivers. Because of the advantages presented in Section II-A, high SPL, low-complexity electronics, and low-voltage supply, piezoelectric transducers are a very good option for low-power applications. However, because of their resonance characteristics, a bandwidth modification procedure is proposed herein in order to improve performance by enabling wideband signaling. MEMS sensors were chosen because of their small size, making them suitable for array processing applications in which several sensors have to be placed with a small physical separation. Also, their good frequency response in the ultrasonic bandwidth, high sensitivity and low supply voltage make them a good choice for implementation in an wideband ultrasonic mobile device.
III. PIEZOELECTRIC TRANSDUCERS
Piezoelectric transducers use a mechanical phenomenon called piezoelectricity, which is a lineal phenomenon that converts the mechanical tension in the material to an induced voltage, and vice versa. This phenomenon makes the piezoelectric material vibrate according to the applied voltage. There are two main resonance modes [6] : planar and thickness. Planar-mode resonance, which produces radial vibrations, produces signals with high frequency, usually greater than 1 MHz, as is shown in Fig. 1(b) . Thickness-mode resonance, which produces longitudinal waves, provides signals with small frequency, usually smaller than 1 MHz, as shown in Fig. 1(a) . There are other spurious resonances modes, such as lateral-mode resonances, which are out of the scope of this paper, but are explained in [6] .
Piezoceramic transducers are usually made from polycrystal materials. The piezoelectric properties of these crystals are obtained by applying a high voltage to them (usually several kV/mm) during the production process, which orients the dipoles in the direction necessary to provide the desired piezoelectric properties. A number of publications have described research work on piezoelectric-composite materials for low-frequency applications ( 40 kHz) [36] - [38] . Higher frequencies are used for medical diagnostic and nondestructive evaluation (1-10 MHz).
There has been previous work on bandwidth modification for piezoelectric transducers. It focused on finding new piezoelectric materials that could provide better properties, such as broader bandwidth and matched acoustic impedance, as presented in [14] , [16] , and [17] . The results show slight improvements, but not enough to call the transducers "broadband." Other work , presented in [5] and [15] , focused on increasing the bandwidth of transducers by modifying the materials of the transducers in order to gain a double resonance peak for harmonic imaging, which increases bandwidth and the resolution in imaging applications. But these procedures are difficult to replicate, and they do not provide a great bandwidth improvement. The proposed method does not modify the internal structure of the transducer but adds passive components that are easy to replicate and provides a wide bandwidth response.
One of the greatest problems in using piezoceramic transducers in air is that the transducer and medium impedance are badly matched. The transducer impedance determines the factor, which determines the bandwidth of the transducer. This mismatch means that the coupling of the acoustic energy at the transducer-load interface is very poor. Also, the high (narrow bandwidth) causes a slow pulse-rise time and prolonged ring-down, which reduces the resolution in ranging applications.
Typical bandwidth increasing procedures [39] are based on mechanically damping the piezoelectric element with a wellmatched medium which reduces the element's sensitivity, or on using an element of impedance matching layer of in thickness and impedance equal to the geometric mean of the transducer-load impedance.
IV. PIEZOELECTRIC BANDWIDTH MODIFICATION
A piezoelectric transducer can be modeled using an equivalent electronic representation. Several models have been proposed [40] - [42] . A simplified but efficient representation, i.e., one that represents the device's performance with an acceptable error, can be found in [40] and is shown in Fig. 2 . This equivalent circuit is called a Manson circuit.
The series and parallel resonance frequencies of the circuits presented in Fig. 2 , both transmitter and receiver, are given by
The piezoelectric resonant frequency is either the series resonance frequency , the minimum impedance frequency , or the smallest of and , called . Usually, the three of these are nearly the same, so is taken to be the resonant frequency, , because it can be easily calculated. The acoustic power transmitted by the transducer is proportional to the power dissipated in the resistor shown in Fig. 2(a) . Using the Laplace transform, the current through the resistor is defined as follows:
By defining and as follows: Equation (4) can be expressed as (6) which has the same structure as a bandpass filter, with as the filter's resonant frequency and as a factor related to the filter's bandwidth.
If an inductance and a resistor are added to the circuit, as shown in Fig. 3 , a second peak appears in the frequency response. If this second peak is correctly chosen, the transducer's bandwidth is increased, but its sensitivity is slightly reduced. The Laplace response is then
where is the parallel equivalent impedance, is the equivalent series impedance of , , and , and is the equivalent impedance of . Fig. 4 shows the effect of inductance and resistor values on the compensated frequency response. The thick black line represents the unmodified frequency response. The thin lines represent the modified frequency responses. As can be seen, the inductance controls the frequency of the secondary peak, and the resistance controls the amplitude of the peaks.
This procedure can be applied to the receiver by adding the inductance and resistor in parallel to the equivalent circuit as shown in Fig. 5 . This provides similar results as for the transmitter.
is calculated using the formula in (10), which makes use of the transducer impedance at a given frequency . (10) In order to obtain the impedance of the transducer for different frequencies, the circuit shown in Fig. 8 is used, and the voltage is calculated. As the impedance of is known, the current can be easily obtained, and the voltage in the transducer can be calculated as . Once the parallel capacitance is obtained, the equivalent series resistance is calculated as (11) Use is made of and the impedance at the resonant frequency to determine . The resonant frequency is the one with maximum impedance, which means that voltage is maximum: (12) and can be calculated using the relation presented in (12) , which relates them to the resonant frequency. Parametric plots can be seen in Fig. 6 between 25 and 60 kHz. They were created for various values of , , and frequencies.
V. CMUTS TECHNOLOGY IN ARRAY SIGNAL PROCESSING
Array signal processing (ASP) is used in many applications. Beamforming techniques have been used to improve system performance [43] and to provide extra information [44] , [45] . The study presented in [46] and [47] shows the benefits obtained in mobile communications by using an adaptive antenna with beamforming techniques. In [48] , location is estimated in wireless sensor networks by computing the angle of arrival (AoA) of the exchanged signals.
The basis of any array signal processing stems from assuming a signal arrives at an array of sensors. The signal arrives with direction , where is the source elevation, and is the source azimuth. The received signal at the center of the array is defined as (13) where is the complex-envelope of the signal. The signal received at the sensor is defined as (14) where is the phase delay between the signal at sensor and the central sensor.
Let us assume that a set of signals arrive at an array, with direction , . The received signal at each sensor at an instant is called a snapshot and is defined as [45] (15)
. . .
where is the complex envelope of each of the signals at time , is a matrix containing the AoA of each signal, and is independent White Gaussian noise at each sensor. The snapshot is basically, the sum of contributions of a set of sources plus noise.
Most AoA estimators operate on the covariance matrix of the received snapshots [49] - [52] . The covariance matrix is ideally obtained by calculating the correlations between the sensors and placing the results in a matrix, where is the number of sensors in the array: In practical applications, the number of observations is limited to a number of snapshots . In this case, the covariance matrix is estimated according to (19) ASP based AoA estimators are based on the phase difference between a signal arriving at different sensors with a known waveform. The maximum unambiguous phase difference between two sensors is . If is the distance between two sensors, then we must have in order to provide a phase difference of less than or equal to . As can be seen in Table I , for low-frequency ultrasonic signals, up to 45 kHz, the maximum distance between sensors is 3.81 mm. For greater frequencies, the distance decreases to 1.8 mm for a 95-kHz signal.
A schematic for an array signal processing is shown in Fig. 7 . A set of sensors receive a signal that is processed by a signal processing circuit at each sensor. Finally, these signals are combined to provide the output.
Commonly, ultrasonic receivers have a diameter greater than that which would allow construction of an ultrasonic array with sensor separation of around 7 mm. If the maximum sensor separation requirement is not met, the beamforming or AoA estimation process becomes ambiguous. Hence, the system is unable to correctly estimate the phase delays, providing multiple possible solutions rather than a single robust solution. Using CMUT sensors in ultrasonic array applications allows smaller array sizes which can support array signal processing algorithms without causing ambiguities.
VI. METHOD
This section describes the method used to characterize the transmitters and modify their bandwidth, as well as the tests performed on the receiver array. The first step in the modification process is obtaining the equivalent circuit parameters. These parameters are calculated based on the voltage and impedance of the transducer at a given frequency. The circuit shown in Fig. 8 was built in order to obtain these measurements. The transducers chosen were PROWAVE [53] models: 250ST180 (25 kHz), 328ET250 (32 kHz), 400ET180 (40 kHz), and 400EP900 (50 kHz).
The procedure presented in Section IV was applied. Finding the elements in the equivalent circuit, estimating the inductance and resistance, adding them in series to the transducer and obtaining the frequency response. The test circuit, shown in Fig. 8 , was connected to a signal generator applying a sinusoidal wave of 15 Vpp. The transducer was connected, with a resistor in series, whose value was 1.014 k . Frequency response characterization was done by placing the transmitter and receiver face-to-face and sending sinusoidal pulses between them from 10 to 50 kHz, with a separation of 100 Hz. For each sinusoid, the mean amplitude was calculated and used as a data point in the presented plots. The results were corrected to allow for the receiver response. The receiver frequency response of the SPM0204 sensor is given in the datasheet (Fig. 11) .
The design process has an optimization criterion of maximizing the bandwidth at 15 dB. The transducer parameters were applied to an optimization procedure in order to find the inductance value that provides two resonance peaks equally separated from the original narrow peak. Once the inductance value has been chosen, so as to provide a modified frequency response centered on the original resonance, an iterative procedure was applied, to search for the resistance providing maximum bandwidth at 15 db, ideally with the smallest resonance peaks variation, in order to ensure small variations in the frequency response around the usable bandwidth.
For the receiver array, the first element characterized was the mutual coupling between channels. When only one channel is on, the signal received from all other channels was measured. The mean energy was calculated in order to obtain the mutual coupling matrix [43] , [45] . This matrix provides information on the mutual coupling between channels. The channel mismatch in amplitude and continuous component was also measured, in order to assess the variation between the elements in the array. Tables II and III show the results obtained when measuring voltage and impedance for the transducers using the circuit presented in Fig. 8, with 1.014 k . Voltage was measured at the resonant frequencies of each transducer.
VII. RESULTS
Table IV presents the equivalent circuit components for all of the transducers, obtained using the process explained in Section IV and the data from Tables II and III. Fig. 9 shows the estimated compensated frequency response for the transducers modeled with the components listed in Table IV . The effect of the compensation process on all of the transducers' responses can be seen in Fig. 9 . The circuit provides a significant improvement in bandwidth, achieving a bandwidth of 10-15 kHz, depending on the transducer. Fig. 10 shows the results of the modifications for the four real transducers. It can be seen that the measurements match the estimates very well. It can be seen that the second peak appears for all transducers, increasing the bandwidth significantly. Fig. 12 shows the antenna array built using the MEMS sensors. The separation between sensors is 4.71 mm, allowing a maximum frequency of 40 kHz without ambiguity. The size makes it suitable for compact applications, as can be seen in Fig. 12 . The voltage supply necessary for the sensors is 3.3 V, and the current consumption varies between 0.1 to 0.25 mA, as Fig. 11 . Receiver frequency response [35] . TABLE II  TRANSDUCER VOLTAGE FOR DIFFERENT FREQUENCY EXCITATIONS (VOLTS)   TABLE III  TRANSDUCER IMPEDANCE MEASUREMENTS FOR DIFFERENT  FREQUENCY EXCITATIONS   TABLE IV  TRANSDUCER EQUIVALENT is stated in the datasheet [35] . As can be seen, it is a very good option for low-power applications. Table V gives the voltage received in all the channels when only one sensor is receiving signals. With the information in this table, the mutual coupling matrix was computed, as was explained in (20) . The contribution to one channel from the others is very small, allowing for precise and robust array signal processing algorithms.
(20) Table VI shows the mismatch between channels. The first column is the amplitude of the received signal at each channel. The second column is the deviation of each channel with respect the reference channel in %. The third column is the deviation in the continuous component with respect the reference channel, in volts. As can be seen, the mismatch is small enough so as to be discarded. Table VII shows the SNR values obtained in the tested room between the transmitter and receiver proposed. A sinusoidal of 40 kHz was sent, with an amplitude of 14 Vpp. The receiver was supplied by a 3.6-V battery, and an amplifier of 20. The mean Vpp was calculated for the background noise and signal. As can be seen, it provides very good SNR in the indoor ranges measured for a low transmitter and receiver polarization. Two examples of AoA estimation using the array are shown in Fig. 13 . The clear peaks indicate high accuracy, which is due to the good mutual coupling characteristics and small channel mismatch in the sensors. The higher and narrower the peak, the more accurate and robust the estimates.
VIII. CONCLUSION
In this paper, a review of ultrasonic in-air technologies was presented. The review focused on low-cost, low-power wideband applications, where it was shown that there is no existing optimal technology. A modification process was presented, which allows a significant increase in piezoelectric transducer bandwidth by adding two passive components, an inductor and a resistor. The theory used was explained and validated by simulations and experimental results.
Also, the paper details how MEMS technology can be used for array signal processing applications in the ultrasonic band. The antenna schematics have been presented, as well as the antenna characterization.
This combination of wideband transmitter and receiver array opens up to possibilities of novel commercial applications such as novel location-orientation systems, new sensing devices for healthcare or human-computer communication devices.
